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Abstract 
Remote sensing using scattered or reflected GPS signals off the Earth’s surface is a new category of satellite 
navigation applications. These multipath signals are usually considered to be undesirable signals since they 
degrade the accuracy of GPS positioning. However, scattered GPS signals can be utilized as signals of opportunity 
for passive remote sensing. This paper presents new synthetic aperture radar imaging process using scattered GPS 
signals in bistatic radar geometry and its validation through a field experiment. 
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1. Introduction 
For positioning and navigation applications using GPS 
signals, the so-called multipath is one of the major error 
sources. In recent years, however, it has been recognized that 
reflected or scattered GPS signals off the Earth’s surface can 
be applicable for remote sensing1). This new technique is 
generally known as GPS reflectometry (GPS-R). Unlike 
most radar-based remote sensing systems that actively 
transmit microwave pulses and then detect their 
backscattered radiation, GPS-R utilizes the GPS satellites as 
non-cooperative transmitters in bistatic radar geometry.  
The scattered GPS signals can also be applicable for 
Earth’s surface imaging using synthetic aperture radar (SAR) 
approach. Space-surface bistatic SAR (SS-BSAR) is 
well-known bistatic SAR model, where it is supposed that a 
GPS transmitter is spaceborne and a receiver is located on or 
near the surface of the Earth2). SS-BSAR utilizes both the 
scattered GPS signal and the line-of-sight (LOS) signal 
which is received directly from the corresponding GPS 
satellite. This approach assumes geometric similarity 
between the receiver and the scattering point so that the 
correlation process between the LOS and the scattered signal 
could eliminate the dynamics of the GPS satellite motion. 
This geometric similarity is, however, no longer valid for a 
high altitude receiver platform such as a low Earth orbit 
satellite. 
In this paper, we introduce a newly developed GPS-SAR 
technique called the quasi-monostatic algorithm (QMA). In 
order to overcome the geometric restrictions in SS-BSAR 
approach, the range migration curve between the GPS 
satellite and the scattered point is modeled as a linear 
function. This approximation effectively eliminates the 
contribution of the GPS satellite motion in the aperture 
synthesis process. QMA is now able to analytically convert 
the bistatic geometry into monostatic without any geometric 
constraints, and the general range-Doppler algorithm can be 
applicable for GPS-SAR data processing. Thus we call this 
approach quasi-monostatic. 
 
2. Quasi-Monostatic Algorithm 
While the typical SAR system utilizes a chirp pulse 
signal in which the frequency changes linearly with time to 
realize a wide signal bandwidth, GPS signal is a continuous 
wave modulated by the so-called direct-sequence spread 
spectrum (DSSS) technique. For example, the typical civilian 
GPS L1 signal is modulated with the so-called C/A code. It 
can be considered as a pulse signal which has 100% duty 
cycle and repeats every one millisecond. 
Similar to the general monostatic SAR algorithm, 
GPS-SAR time domains can be defined by the fast-time and 
the slow-time corresponding to the range and the azimuth 
directions, respectively. The range compression algorithm of 
GPS-SAR is identical to the auto-correlation process of the 
C/A code, and the resolution in the range direction is defined 
by the chip width of the C/A code, which is about 300 m. In 
the azimuth direction, the slow-time sampling rate is limited 
by less than 1 kHz because the fast-time sample bins should 
contain at least one millisecond of signal for auto-correlation 
process of the C/A code. This means that the Doppler 
frequency should be less than 500 Hz to satisfy the sampling 
theorem for the azimuth compression process. 
It can also be assumed that the range between the GPS 
satellite and the receiver is constant in the fast-time domain. 
On the other hand, the effect of the GPS satellite motion is 
not negligible in the slow-time domain and appeared in the 
range migration curve. In QMA, the range between the GPS 
satellite and the scattering point is reasonably approximated 
by a linear function because the aperture synthesis time is 
much shorter than the orbital period of the GPS satellite. 
Therefore, the range rate due to the GPS satellite motion can 
be considered constant during the aperture synthesis. That 
means the aperture synthesis process in QMA is nearly 
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identical to that of the typical monostatic SAR geometry. 
Detailed description on the point spread function (PSF) 
reconstruction in QMA can be found in our early work3). 
 
3. Flight Experiment 
A field test of GPS-SAR imaging was conducted to 
evaluate the QMA performance. A small UAV shown in Fig. 
1, equipped with a GPS L1 array antenna and signal capture 
instrument, flew over a border of the Ohtone River and its 
river bank. Fig. 2 shows the picture of the observation area 
taken by the onboard camera, and Fig. 3 shows the 
corresponding SAR image. Stronger scattering was 
successfully observed from the vegetation on the river bank, 
while the calm river surface behaved as a specular reflector 
and contributed less to the resulting SAR image.  
There were a few scattered signals detected from 
different GPS satellites, and all of them where observed in 
the same range bins. This provided that the movement of 
each GPS satellite was removed properly, and the motion of 
the UAV was dominant in the QMA image formulation. 
The range resolution of the resulting SAR image is 
limited to about 300 m, which corresponds the chip duration 
of the C/A code. This can be improved by using new 
wideband civil GSP signals, such as GPS L5. On the other 
hand, a much finer azimuth resolution can be achievable by 
the effect of the aperture synthesis. 
 
4. Conclusions 
We proposed a new bistatic GPS-SAR algorithm called 
QMA, which analytically resolves the constraints on the 
observation geometry in SS-BSAR. The field test result 
showed that QMA efficiently eliminates the effects of the 
motion of the non-cooperative transmitter from bistatic SAR 
image formulation and can be applied into wider range of 
observation scenarios. 
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Fig 1. GPS-SAR UAV platform 
 
Fig 2. Aerial photo of the observation field 
Fig 3. GPS-SAR image in the field test 
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